This paper evaluates the potential for automated lighting control as a resource for frequency regulation of the electric grid system in the context of current energy policies, economic incentives, and technological trends. The growing prevalence of renewable energy has increased the need for ancillary services to maintain grid frequency and stability. While demand side resources like heating, ventilating, and air-conditioning systems, as well as water treatment plants are already evaluated as regulation service providers, the potential application to electrical lighting systems has largely been ignored. Yet, aggregations of lighting systems that are retrofitted with intelligent controls could conceivably contribute to frequency regulation services with little impact on user comfort. To further explore the feasibility of lighting potential, this paper explores (1) how lighting control systems are limited by visual comfort perception and acceptability, (2) how such limitations impact the performance of the lighting system as an frequency regulation resource, and (3) how the market potential of lighting systems as demand side resources compares in different regional transmission organizations. Finally, the impact of developing technologies on the application of lighting systems for frequency regulation is discussed.
Introduction

Motivation
As the foundation of many aspects of modern society, the maintenance of the electric grid is a critical challenge in the 21st century. Electric grids are a complex network of generators, renewable resources, consumers, distribution and transmission lines, and control centers. Operators must balance demand and supply of power quickly to maintain an overall grid frequency of 60 Hz, for the case of the United States of America (U.S.). While bulk generators are committed to operate according to day-ahead predictions, second-to-second variations in consumer demand and intermittent generation need to be compensated for, in order to regulate the frequency and maintain electric grid stability.
To address this need for frequency regulation (FR), flexible demand side resources that are not critical and can be changed with little impact on the users can be adjusted to match the supply from the generators. While demand response (DR) is normally viewed as a load shedding approach during times of grid stress, FR provision by demand side resources can be viewed as a form of DR. Many resources like water boilers, ventilation, and air-conditioning are already considered for FR. However, lighting control systems have not been fully assessed. Lighting is a promising means for frequency regulation as devices outfitted with proper controls can respond quickly to operator commands and ramp up and down equally with little impact on the lifespan of the devices. This paper will explore the potential of lighting resources as an FR supplier, particularly focusing on the required capacity and flexibility to participate in FR markets. The limitations imposed by human comfort need to be addressed, as this will impact the magnitude and rate of the allowed lighting changes. The topic of required control technologies and feasibility of retrofitting existing systems will be discussed. Finally, the potential for lighting based FR in various energy markets across the U.S. will be assessed considering prices, market infrastructure, and incentives for ancillary services.
Regulatory Organizations
A basic understanding of the regulation and markets relevant to grid operations in the United States is beneficial when debating the market potential of lighting based FR resources. At the top of the regulatory hierarchy is the Federal Energy Regulatory Commission (FERC), an independent, non-profit organization within the U.S. Department of Energy (DOE) that administers interstate electricity trade and transmission and promotes the growth and stability of competitive markets and reliable grid infrastructure [1] . Below FERC is the North American Electric Reliability Council (NERC), the electric reliability organization (ERO) of the U.S. [1] , which enforces reliability standards for the grid.
Regional transmission organizations (RTOs) or independent system operators (ISOs) maintain the regional grid's stability and wholesale markets [2] . The major RTOs in the U.S. that we will consider in this paper are California IS0 (CAISO), Pennsylvania Jersey Maryland (PJM), New York ISO, ISO New England, Midwest ISO, and Southwest Power Pool, as shown in Figure 1 . The last RTO, the Electric Reliability Council of Texas (ERCOT), is distinctive in that it operates as the sole balancing authority in its interconnection and is not under FERC regulation because there is no interstate commerce which would invoke its involvement [3] . As of 2009, RTOs controlled more than 60% of the power distributed in the U.S. [4] , while the remainder is managed by independent utilities. 
Market Overview
The U.S. energy markets are divided into retail (energy purchased by end users from the utilities) and wholesale markets (bulk sales by energy generators to utility companies). The wholesale market is composed of the energy market, which is responsible for matching bulk demand, and the ancillary service market, which maintains grid stability through the deployment of backup reserves and frequency regulation [6] . Both energy and ancillary service markets have day-ahead and real-time (or spot market) sectors. While day-ahead users purchase electricity based on the predicted loads for the next day, real-time users buy supplemental supplies to compensate for unexpected loads during the current operating day. A breakdown of the electric grid markets is shown in Figure 2 . 
Ancillary Services
The ancillary service market is broken into a number of services that are responsible for balancing supply to and demand from the grid on various time scales. Specifically:
• FR involves finer, real-time adjustments of supply or demand to maintain grid stability on the order of seconds.
•
Voltage control maintains grid voltages by injecting or absorbing reactive power [7] .
Spinning reserves are resources that are already running on the grid (synchronized to the grid's frequency) and can respond in well under 10 min to disturbances in demand or supply.
Supplemental reserves are the third line of defense, after the FR and spinning reserves, and can be offline resources that are able to respond within 10 min.
Replacement reserves are used to restore spinning and supplemental reserves within 30 min after an event [7] .
In summary, in the case of a disturbance in the grid, FR is the first responder, or primary control, which attempts to stabilize the grid's frequency within seconds. If the event is too large, secondary control, the reserves, kicks in to compensate and, soon after, replacement reserves are deployed (see Figure 3 ). 
Frequency Regulation
Frequency Balancing Fundamentals
Frequency regulation plays an essential role in minimizing short-term fluctuations in grid frequency. Grids operating at "off-nominal frequencies" [9] risk damage to generators, reduced economic efficiency and, in the worst case, service outages. To avoid this, balancing authorities are responsible for maintaining grid frequency throughout their interconnection. During normal operating hours, balancing authorities deploy regulation and load following services to continuously balance grid frequency during the operating day. While FR (or regulation) manages small variations from second-to-second, load following adjusts for the overall ramping up or down of consumer loads [7] as shown in Figure 4 . FR is managed by the automatic generation control (AGC), which uses grid information collected by the supervisory control and data acquisition (SCADA) system to determine how the grid should respond to disturbances [10] . Selected operating units are called on to adjust their energy consumption or output according to an AGC dispatch signal, which is computed to optimally balance the grid. The signal is updated every 2-4 seconds, thereby requiring technologies capable of rapid responses and high flexibility [11] .
Resource Qualifications for FR
To qualify as an FR resource, units must pass capacity and performance tests enforced by resident RTOs. Specifically, for the RTO PJM, the unit must provide a minimum of 100 kW of FR capacity and be able to receive and follow the AGC signal to an acceptable degree of precision over a 40-min period [12] . Resources can participate in either dynamic (RegD) or traditional (RegA) regulation depending on their capacity and speed of movement [12] . For instance, fast ramping resources, like flywheels and batteries, have limited capacity but are capable of reacting quickly to the AGC signal and therefore receive the RegD signal. In contrast, RegA resources (e.g., generators) have large capacity but slower response times. Furthermore, some regulation markets are divided into RegUp and RegDown to distinguish between resources that can only ramp up or down their power output or consumption.
FERC Order 755 stipulates that resources that pass or exceed these criteria must be compensated proportional to their performance. In response to this ruling, each RTO created a method for FR compensation. The regulation interval performance score (RIPS) devised by ISO New England and the performance based regulation (PBR) rule created by PJM both grade how an FR resource's actual response to the AGC signal compares with an ideal resource of infinite capacity and instantaneous reaction time [9, 13] . For PJM, the performance score depends on delay, accuracy and precision, each evaluating the resource's response time and ability to match the reference signal.
Accuracy A is defined as the maximum correlation coefficient r between the response and test signal with time delays varying from 0 sec to 5 min at intervals of 10 s. The calculation is summarized as follows [9] ,
The delay score D is found using the following equation [9] ,
where f f i is the delay at the point of highest correlation (see accuracy score). A delay of less than 10 s between the reference signal and the unit's response corresponds to a perfect score of 1, while a delay greater than 5 min results in a zero. Finally, precision P is measured using the following Equation [9] , which indicates how well the resource tracks the test signal when delay is included. Note that n is the number of samples of the signal.
The final score for the resource is the average of the delay, accuracy, and precision results. Resources must receive a score of 75% or greater to be considered for FR [9] .
Conventional and Novel FR Resources
The conventional method for coping with fluctuations in demand involved generator governors, which adjusted the energy input into generators to maintain frequency, much like speed control in a car [10] . However, there are many drawbacks to employing generators to address grid fluctuations.
Generators have typically slow ramp rates which limits their ability to respond to the AGC signal in the required time frame. Furthermore, using generators for FR typically involves damage to the equipment (resulting from heat rate degradation and low-efficiency operation) and lost market opportunities for generators that are providing regulation services rather than participating in the main energy market [14] .
To exacerbate this problem, the increased penetration of renewable energy resources (e.g., wind and solar) introduces an increased degree of variability, which conventional FR resources, though still in use, are struggling to satisfy. To address this need, utilities have drawn on demand side resources to supply FR services. The most common strategies of demand side regulation rely upon systems that have the capacity to store power or delay consumption. Examples of this approach include wastewater treatment plants, HVAC systems, industrial production lines and irrigation systems [15] that can reduce or ramp-up power consumption quickly with little perceived impact on users. Alternatively, storage devices (flywheels, batteries, compressed air energy storage (CAES), pumped hydro, etc.) [9] allow for electricity to be accumulated or delayed and deployed for FR during times of high fluctuation. Despite the opportunity for additional demand side contributions, lighting resources have been largely ignored.
Lighting as an FR Resource
Accounting for nearly 404 billion kWh in 2015, indoor electrical lighting is a promising resource for regulation services [16] . Unlike generators or HVAC systems with relatively slow ramp rates, properly addressed lighting systems can respond within seconds to an AGC signal [17] , thereby providing a flexible demand resource for both up and down regulation. Additionally, while frequent transitions between up and down ramping reduces the lifespan of generators and HVAC systems, lighting adjustments have little impact on the device's longevity [17] . That said, FR resources based on lighting systems are not without shortcomings. The following sections will examine existing literature on lighting as a DR resource, and the impact of lighting changes on human comfort, which may restrict ramp rates and regulation capacity. Based on these studies, a simple assessment of the capacity and flexibility of a lighting based FR resource is conducted herein and the performance metrics are evaluated. Finally, we discuss the updates in communication and control technologies and the potential in various RTO regulation markets.
Relevant Research
A previous feasibility study on the applications of dimmable lighting in ancillary services was conducted in 2010 at the Ernest Orland Lawrence Berkeley National Laboratory [18] . Researchers focused on California's lighting capacity as it relates to regulation and non-spinning reserves. Evaluating the number, size, and lighting power consumption of large commercial buildings in the CAISO region, the study estimated the following:
•
For lighting resources to compete in ancillary services $1.8 billion and 56 million dimming ballasts would be needed to outfit enough commercial buildings.
With proper control systems, lighting in large buildings in California could provide as much as 450 MW of regulation up or down, an amount that exceeds CAISO's current regulation requirement of 350 MW [19] .
The study also explored similar topics to this paper, including the impact of FR systems on human comfort and the technical requirements for regulation resources.
Various studies have been conducted on the potential for other demand side resources to participate in FR. For instance, in "Building-to-Grid Integration Through Combined System Resources for Frequency Regulation Service", the potential for HVAC systems to contribute to regulation services was explored [9] . Specifically, they looked at the methods of control of combined HVAC systems, modeled and tested the response of these systems to AGC signals, and analyzed the resulting performance parameters. They concluded that HVAC systems could indeed work together to accurately follow an AGC signal and provide sufficient FR capacity. While HVAC systems typically consume more energy than individual lighting systems, the paper is still relevant as it demonstrates that the aggregation of resources (lights or other building systems) allows relatively low power devices to participate in FR services.
Limitations: Human Comfort
Using lighting systems to address FR needs can result in reduced performance (including dimming and flickering) of the light source. Since the ramp rate and dimming capacity of lighting systems is likely limited by what is acceptable for users, identifying the key parameters of the human perception of lighting is essential to developing lighting as an FR resource. In this context, understanding the sensitivity of the human visual system to the rate and magnitude of change in light levels will be critical. If rapid and sizable adjustments in the ambient light level of a room are found to be disruptive for occupants, a limit would need to be imposed on both the rate and magnitude of change for the lighting system. Such restrictions could negatively impact the performance score for the resource, reducing its competitiveness in the FR market.
To address these questions, a literature review was conducted on the human perception of ambient light levels with a focus on determining the impact of rate and amplitude change. Studies generally considered several parameters including (1) dimming range (percent reduction), (2) initial illuminance level, (3) presence of other lighting sources, and (4) the existence of distracting activities (computer work, performing calculations). A review of the field by Newsham and Birt [20] found that:
•
50% of participants detected light level changes of 15%-20% [21] •
Half of participants detected a 15% change and accepted a 20%-30% reduction [22] • Occupants noticed a 20% change without any daylight, a 40%-60% change with daylight, and an 80% change with strong daylight [23] .
Separately, Kryszcsuk and Boyce [21] reported a correlation between the percentage of individuals detecting an illuminance change and the percentage reduction from the initial illuminance. As seen in Figure 5 , approximately 50% of the population noticed a 20% reduction in lighting levels while only 15% of participants noticed a 15% reduction. Sessions A and B had an initial illuminance of 1000 lux while sessions C and D started at 500 lux. Change rates in the range of 3-300 lux/s were used with little perceivable impact on the detection threshold, indicating that, independent of the rate, a 15%-20% change in illuminance was unnoticeable [21] . Additionally, Neeches and Akashi [22] performed an experiment on the level of acceptability of lighting reductions for purposes of load shedding. Subjects seated at a desk, either unoccupied or performing a simple paper task, experienced a reduction in illuminance over a period of 10 s. After the event, the subjects were asked to report if they had detected a change and if the change was acceptable. The study found that 50% of participants noticed a 15% change and accepted up to a 40% change, which agrees with the conclusions of previously mentioned reports. The researchers found that when participants were educated on the topic and motivation for the study, the level of acceptable reduction increased by 10% [24] . While this conclusion shows the positive effects of education on energy conservation efforts, it does not necessarily apply to the field of FR, as the frequency of illumination changes would be much higher for FR than for load shedding.
With a focus on educational indoor environments, a recent study suggests that lighting quality and the achievement of adequate levels of visual comfort are more than a matter of simply verifying that illuminance levels are compliant with the prevailing standards [25] . Instead, they proposed a comprehensive and hierarchical lighting quality assessment method for the evaluation of lighting in educational spaces, whose effectiveness in characterizing visual comfort was validated through an extensive field study in Italy. Such a method may be deployed to gain a more complete assessment of the impact of frequency regulation provisions on visual comfort.
Together these studies suggest that humans are generally sensitive to changes in light levels greater than 20%. Based on this conclusion, a conservative estimate of ±15% change in light levels would be largely undetectable by occupants. For the purposes of FR, adjustments across the total light level range must be undetectable so that the light level can be ramped from the lowest to the highest intensity (or visa versa) without user detection. Therefore, we decided that a conservative range of ±8% illuminance around the nominal operating value would be acceptable for FR applications. In addition, if adjustments in the light level are within this narrow range of the nominal value, the ramp rate would not be a limiting factor for FR. We conclude therefore, that the potential for lighting as an FR resource is limited by the amplitude of change rather than the rate.
Methodology
Knowing the requirements of an FR resource and the limitations of lighting systems, a first order model can be created to evaluate the resource's potential. In particular, the model's ability to satisfy the FR capacity and flexibility requirements needs to be estimated. The following steps will be taken to quantify the performance of a lighting-based FR resource:
1.
The model of a lighting resource will be described (specifically the types of lights and required controls).
2.
The capacity of the theoretical resource will be evaluated using lighting standards and the conclusions on detectable light levels as discussed in Section 3.2.
3.
The flexibility will be examined using a sample AGC signal and information on the control technology. The technical computing environment Matlab and Simulink will be used to implement ramp filters and expected communication delays on the AGC signal to produce the expected output of the hypothetical lighting resource.
4.
The performance metrics discussed in Section 2.2 will be used to evaluate the resource and determine if it meets the standards for an FR supplier.
First Order Model of a Lighting FR System
In order to supply the necessary 100 kW required to participate in FR, numerous lighting systems would have to be aggregated and controlled together. For this reason, we consider a university campus equipped with a centralized control system and addressable ballasts for 60 W fluorescent lights. If we assume that all lights normally operate at a nominal 80% light level, the operating point of each dimming ballast is 50 W [18] . As discussed in Section 3.2, a conservative range of adjustment of ±8% would be undetectable to humans.
As displayed in Figure 6 , adjustments of ±8% around the operating light output would correspond to fluctuations of ±4 W around the 50 W operating point. This would allow for modulations of up to 8 W per ballast. To supply 100 kW, the aggregated system would need to draw a minimum of 625 kW during nominal operating conditions.
In academic facilities, ASHRAE Standard 90.1-2007 dictates a maximum lighting power density of 0.9-1.4 W/sf for dining spaces and classrooms [26] . Assuming the lower lighting level, the described system would require 694,000 sf, the combined floor space of more than 12 football fields in order to qualify for the FR market. For large university campuses or businesses this is a conceivable capacity. A simple model was also created to visualize the flexibility of lighting resources in this scenario. PJM's AGC test signal (see Section 2.1) was scaled to local capacity, then shifted so that fluctuations occurred around a nominal operating value of 625 kW. The signal was then passed through a rate limiter and delay in Simulink to demonstrate the restrictions imposed by control devices and occupant comfort levels. Since we concluded that, within the illuminance threshold of ±8%, the rate of change had little impact on detectability, the rate limiter was found to be largely unnecessary. Accounting for the time for the control system to receive and process the signal and send commands to each of the individual lights, lighting units could conceivably respond to changes in the AGC signal in approximately 4 to 10 s [17] . Conservatively assuming an average delay of 10 s, the resource response (Figure 7) is remarkably close to the AGC signal. When compared to the resource response and corresponding performance scores of battery and hydro systems (Figure 8 ), the lighting resource performs well. 
Evaluation of FR Performance
The resource was scored using PJM's delay, accuracy, and precision scoring rubric. As explained in Section 2.2, accuracy was defined as the maximum correlation between the AGC signal and the response with a delay varying from 0 to 5 min at an interval of 10 s; delay was the time corresponding to the maximum correlation (note that the PJM 10-sec grace period was not used in the calculation of this delay score); and precision was calculated as the error between the actual response and the AGC signal. The results are shown in Table 1 . The average across these metrics must exceed 75% to qualify as an FR resource. The overall performance score for the hypothetical lighting resource was 0.9773, which is comparable to that of the battery in Figure 8 . 
Relevant Technologies
Lighting has not seriously been considered for regulation due to the lack of required infrastructure for control systems. Current lighting potential for regulation services is limited by this deficiency, with only 1% to 2% of buildings in the U.S. equipped with dimming control systems [18] and therefore capable of receiving the AGC signal.
However, the potential for lighting to participate in the regulation market is growing quickly. Advancements in communication and control technology allow for the control of bulk systems to minimize communication latencies [17] . For instance, Lutron, a lighting controls company, has developed a set of addressable dimming ballasts that act intelligently on commands and feedback from sensors in the environment [28] . To make retrofitting of old buildings easier, Lutron has also produced an array of wireless solutions for control systems that act on low frequency bandwidths and minimize wiring requirements [29] . While both systems are currently designed to receive signals from sensors, the technology could conceivably be modified to receive AGC signals.
Utilities are also encouraging the use of controllable lighting systems through discounts, with the National Grid in New England states offering a rebate of $40 per ballast and PSE&G (Public Service Electric and Gas) in New Jersey offering a return of $25 for every luminaire with daylight harvesting controls [20] . Not only would installation of daylight harvesting sensors, centralized control systems and addressable ballasts allow lighting resources to participate in the FR market, but such upgrades would reduce the overall energy consumption and cost.
Lighting Resource Potential
Ideally, when considering the best location to draw on lighting systems for FR, (1) market incentives, (2) resource capacity, and (3) existing infrastructure should be evaluated. This section examines the market configurations and prices for FR in each RTO. Additional work must be done to evaluate the capacity for lighting in each region and the proportion of buildings outfitted with appropriate control systems, in order to estimate the required investment and expected return for this resource.
Each RTO/ISO has a unique configuration of the regulation market and list of acceptable resources that can participate ( Table 2 ). According to a report by the Lawrence Berkeley National Lab [30] , "PJM and ERCOT have the most favorable conditions for (demand resource) DR in ancillary service markets". PJM is particularly promising for DR contributions to regulation activities with market clearing prices of $30/MWh [19] and opportunities for both storage and demand resources. During peak hours, PJM reported a regulating requirement of 700 MW, with 525 MW required during off-peak hours [12] .
ERCOT, though not under FERC oversight, has integrated controllable load resources (CLRs) into the regulation market (CLRs are defined as loads that can receive and react to AGC signals) [31] . MacDonald and others [30] note that the ERCOT regulation market is particularly favorable for demand side resources because it divides regulation into RegUp and RegDown markets, allowing resources that favor one to participate. They suggest that ERCOT will be the best market for CLRs when aggregations of resources are permitted.
CAISO, which previously experienced major market setbacks including corporate malfeasance and market deregulation, culminating in the Western energy crisis of 2000 [1] , has since recovered significantly. In 2016, the regulation requirement for CAISO doubled from the previous year with the increased penetration of wind and solar, tripling prices from $5/MWh to $15/MWh [32]. In short, the best opportunities for demand resources in FR seem to exist in PJM and ERCOT. However, while FERC Order 719 [33] was introduced in 2008 to promote the participation of demand resources in wholesale markets, several RTOs have not yet established sufficient market infrastructure and incentives to support demand side resource (e.g., lighting) participation in FR [34] . It is conceivable that the development of DR favorable markets, together with the increased penetration of renewable energy into the grid, would greatly improve the potential for loads to contribute to FR services.
Discussion and Recommendations
Given sizable investments in control infrastructure and communication technology, the electrical lighting systems in commercial buildings have significant potential as a frequency regulation resource. Lighting is ideally designed for regulation since it is able to respond rapidly, reverse ramping direction almost instantaneously, and receive and track command signals with proper control systems.
However, the resource is largely limited by regulation capacity and poor infrastructure. Modern lighting systems combine electrical lighting and daylight through daylight dimming control systems. These, however, affect only perimeter spaces that have a connection to the outdoors and not core spaces of commercial buildings during time periods when daylight harvesting is feasible. Nevertheless, as more dimmable lighting controls are installed, the resource's capacity drops. Lutron, for instance, claims that the addressable ballast can reduce energy consumption by up to 20% [28] . Additional analysis would be required to determine the minimum lit floor area to provide the minimum FR capacity required to qualify as a frequency regulation resource.
Furthermore, specialists in lighting predict that energy efficient solid state lighting systems (LEDs) will eventually replace fluorescent lights, significantly cutting power consumption. For a resource with already limited power consumption, control systems and more energy efficient light sources could nearly eliminate the regulation capacity of lighting systems.
Essentially, it is likely that future lighting systems will be unable to participate in the regulation of the grid as it is currently designed. However, a smart grid could potentially revolutionize this playing field. As an automated, intelligent system involving two-way communication and energy flow between supply and demand, a smart grid could detect and react to disturbances in the grid in real-time. In this exciting evolution of the grid, participation of demand side resources will be essential.
The greatest challenge of this development will be fast, accurate communication to millions of devices across great distances. Controlling units on such a massive scale could be accomplished via widespread use of wireless communication to broadcast AGC signals [17] . Alternatively, devices could potentially sense grid voltage levels and act independently, rather than responding to a formulated signal dispatched by their balancing authority. This hyper-connected system has the potential to be a seamlessly integrated, flexible, and an almost organic network of renewable resources, responsive loads, and intelligent control systems.
